We propose three-dimensional N = 6 superconformal U (N ) × U (M ) and SU (N ) × SU (N ) Chern-Simons gauge theories with two pairs of bifundamental chiral superfields in the (N, M) and (N, M) representations and in the (N, N) and (N, N) representations, respectively. We also propose the superconformal U (1) × U (1) gauge theories that have n pairs of bifundamental chiral superfields with U (1) × U (1) charges (±1, ∓1) or (±1, ±1). Although these U (1) × U (1) gauge theories have global symmetry SU (2n), the R-symmetry is SO(6) for n = 2, and might be SO (2n) or SO(2n + 1) for 3 ≤ n ≤ 8. In addition, we show that from either the generalized ABJM theories,
I. INTRODUCTION
A Lagrangian description for the worldvolume of multiple M2-branes is very important to understand the M-theory. Especially, the superconformal field theory on the worldvolume of multiple M2-branes is dual to the M-theory on AdS 4 × S 7 in the AdS/CFT correspondence.
The superconformal Chern-Simons gauge theories without Yang-Mills kinetic terms have been studied for this purpose [1] , but, they did not have enough supersymmetry. Along this approach, Barger and Lambert [2, 3] , as well as Gustavasson [4] (BLG) have successfully constructed three-dimensional N = 8 superconformal Chern-Simons gauge theory with manifest SO(8) R-symmetry based on three algebra. And then there is intensive research on three-dimensional superconformal gauge theories and their relations to the low energy theory on M2-branes [5, 6, 7, 8, 9, 10, 11, 12] . Although the BLG theory is expected to describe any number of M2-branes, its gauge group can only be SO(4) for the positive definite metric [9, 10, 11] . At the Chern-Simons level one, the BLG SO(4) gauge theory describes two M2-branes on a R 8 /Z 2 orbifold [7, 8] .
To generalize the BLG theory so that it can describe an arbitrary number of M2-branes, Aharony, Bergman, Jafferis and Maldacena (ABJM) have constructed three-dimensional N = 6 superconformal Chern-Simons gauge theories with groups U(N)×U(N) and SU(N)× SU(N) [13] (For Chern-Simons gauge theories with N = 3 and 4 supersymmetries, see
Refs. [14, 15] ). Using brane constructions they argued that the U(N) × U(N) theory at Chern-Simons level k describes the low-energy limit of N M2-branes on a C 4 /Z k orbifold.
In particular, for k = 1 and 2, ABJM conjectured that their theory describes the N M2-branes respectively in the flat space and on a R 8 /Z 2 orbifold, and then might have N = 8 supersymmetry. Especially, the SU(2) × SU(2) theory has enhanced SO(8) R-symmetry and is the same as the BLG theory [13] . And it was proposed that the U(2) × U(2) theory might also have the enhanced N = 8 supersymmetry at Chern-Simons level one and two [16] .
Moreover, the ABJM theories can be easily generalized to have the U(N) × U(M) gauge symmetry [13, 17] . Thus, in this paper, we will define the ABJM theories as the generalized ABJM theories that can have gauge groups U(N) × U(M) or SU(N) × SU(N). In addition, the superconformal Chern-Simons gauge theories with N = 5 and 6 supersymmetries have been classified recently [17, 18, 19, 20, 21] : the gauge groups for N = 6 supersymmetry are SU(N) × SU(N), U(N) × U(M), and U(1) × USp(2N); and the gauge groups for N = 5 supersymmetry are O(N) × USp(2M) and G 2 × USp(2). We would like to emphasize that for all the N = 6 superconformal U(N) × U(M) and SU(N) × SU(N) Chern-Simons gauge theories that have been constructed so far [13, 17, 19] , there are two pairs of bifundamental chiral superfields in the (N, M) and (N, M) representations, and in the (N, N) and (N, N)
representations, respectively.
As we know, the gauge symmetry for N stacks of D-branes in Type II theories is U(N).
With orientifold actions, we can obtain the SO(M) or USp(2N) gauge symmetry for the D-branes on the top of orientifold planes via orientifold projections. Moreover, from the SO(M) or USp(2N) gauge symmetry for the D-branes on the top of orientifold planes, we can obtain back the U(N) gauge symmetry by putting the same number of D-branes on all the orientifold images (for an example, see Ref. [22] ). Therefore, it seems to us that the generic three-dimensional N ≥ 5 superconformal Chern-Simons gauge theories may be derived from the N = 6 superconformal U(N) × U(M) gauge theories and the N = 5
superconformal O(N) × USp(2M) gauge theories.
In this paper, we first propose the three-dimensional N = 6 superconformal U(N)×U(M)
gauge theories with two pairs of bifundamental chiral superfields in the (N, M) and (N, M)
representations, and the N = 6 superconformal SU(N) × SU(N) gauge theories with two pairs of bifundamental chiral superfields in the (N, N) and (N, N) representations. For our SU(N) × SU(N) theory, we obtain the BLG theory when N = 2. Moreover, we propose the superconformal U(1) × U(1) gauge theories that have n pairs of bifundamental chiral superfields with the U(1) × U(1) charges (+1, −1) and (−1, +1), or the U(1) × U(1) charges (+1, +1) and (−1, −1). These theories have global symmetry SU(2n), and it seems to us that the R-symmetry is SO(6) for n = 2, and might be SO(2n) or SO(2n+ 1) for 3 ≤ n ≤ 8.
With the similar mechanism for Wilson line gauge symmetry breaking, we show that in the ABJM U(N) × U(M) theories and our U(N) × U(M) theories, the N = 6 super- Chern-Simons gauge theory since G 2 is a special maximal subgroup of SO(7).
Furthermore, we derive the three-dimensional N = 8 superconformal U(1) × U (1) gauge theory from the BLG theory, which can be considered as our above superconformal U(1) × U(1) gauge theory with four pairs of chiral superfields whose U(1) × U(1) charges are (+1, −1) and (−1, +1). And the moduli space has been studied in details. With the novel Higgs mechanism in the unitary gauge, we show explicitly that this theory may describe a D2-brane and a decoupled D2-brane, and we present the concrete physics picture as well.
Although the R-symmetry in our theory should be SO (8) , the global symmetry is indeed SU (8) . We emphasize that this superconformal U(1) × U(1) gauge theory is different from the ABJM U(1) × U(1) theory since we have eight bifundamental chiral superfields.
This paper is organized as follows. In Section II, we propose the three-dimensional N = 6 superconformal U(N) × U(M) and SU(N) × SU(N) gauge theories, and the N ≥ 6 superconformal U(1) × U(1) gauge theories. In Section III, we study the relations among the N ≥ 5 superconformal Chern-Simons gauge theories. In Section IV, we consider threedimensional N = 8 superconformal U(1) × U(1) gauge theory in details. Our discussion and conclusions are given in Section V.
II. NEW THREE-DIMENSIONAL SUPERCONFORMAL CHERN-SIMONS GAUGE THEORIES
In this Section, we will propose the three-dimensional N = 6 superconformal U(N) × U(M) and SU(N) × SU(N) gauge theories, and the N ≥ 6 superconformal U(1) × U (1) gauge theories. The detail study of our theories will be presented elsewhere. Although the Chern-Simons level k for the N = 6 superconformal U(N) k × U(M) −k gauge theories should be equal to or larger than |N − M| [21] , i.e., k ≥ |N − M|, we will neglect this subtlety for simplicity in the following discusssions.
Following the ABJM construction [13] , we consider the N = 3 supersymmetric U(N) × U(M) theories. Starting from the field content of an N = 4 supersymmetric theory, we need to add to the U(N) and U(M) vector multiplets the auxiliary chiral multiplets Φ and Φ ′ in the U(N) and U(M) adjoint representations, respectively. Moreover, we introduce two hypermultiplets whose chiral superfields are in the bifundamental representations (N, M) and (N, M). To be concrete, we denote the bifundamental chiral superfields as (Z i ) aα and (W i )ᾱā with i = 1, 2, where a (ā) and α (ᾱ) are (anti-)fundamental indices for U(N) and U(M), respectively. We also choose the Chern-Simons levels of the two gauge groups to be equal but opposite in sign. The superpotential in our theories is
where Tr and tr are the traces for U(N) and U(M) gauge groups, respectively, and the upper index T means transpose. Because there are no kinetic terms for the auxiliary fields Φ and Φ ′ , we can integrate them out and obtain the superpotential
So, we can rewrite it as follows
Thus, there are explicit SU(2) × SU(2) symmetry acting respectively on the Z i and W i .
In addition, we have SU(2) R symmetry under which the bosonic components z i and w * i of Z i and W * i transform as a doublet. Because the SU(2) R symmetry does not commute with the above SU(2) × SU(2) symmetry, we can have the SU (4) 
B. Superconformal U (1) × U (1) Gauge Theories with SU (2n) Global Symmetry Similar to the above subsection, we consider the N = 3 supersymmetric U(1) × U (1) gauge theories and begin from the field content of an N = 4 supersymmetric theory. The auxiliary chiral multiplets for the first and second U(1) are Φ and Φ ′ respectively. For the matter fields, we consider two scenarios (I) We introduce n hypermultiplets whose chiral superfields have U(1) × U(1) charges (+1, −1) and (−1, +1). To be concrete, we denote the bifundamental chiral superfields as (Z i ) aᾱ and (W i ) αā with i = 1, 2, ..., n, where a (ā) and α (ᾱ) are the charge +1 (−1) indices for the first and second U(1)s, respectively. We also choose the Chern-Simons levels of the two gauge groups to be equal but opposite in sign. The superpotential is
In general, we only need to require that the Chern-Simons level of U(1)s be a rational number, i.e., k = p/q where p and q are relatively coprime.
Integrating out Φ and Φ ′ , we obtain
Interestingly, the superpotential vanishes. Therefore, we have SU(n) × SU(n) global symmetry acting on Z i and W i , respectively. Because SU(2) R symmetry does not commute with this SU(n) ×SU(n) symmetry, we should have an SU(2n) global symmetry under which the bosonic fields (z 1 , z 2 , ..., z n , w * 1 , w * 2 , ..., w * n ) transform in the 2n fundamental representation of SU(2n). Note that the supercharges can not be singlets under this SU(4) because its subgroup SU(2) R is R-symmetry, we conjecture that for n = 2, the R-symmetry is SU(4) or SO(6); for n = 3, the R-symmetry is SO(7) (SU(6) ⊃ USp(6) ∼ SO (7)); and for 4 ≤ n ≤ 8, the R-symmetry is SO(2n) or SO(2n + 1). In Section IV, we will derive the U(1) × U (1) gauge theory with n = 4 from the BLG theory, and then it has at least SO(8) R-symmetry.
(II) We can introduce n hypermultiplets whose chiral superfields have U(1)×U (1) 
Because all the rest discussions are the same as those in the above scenario, we will not repeat them here.
Furthermore, the U(1) × U(1) gauge theories with n pairs of chiral superfields whose U(1) × U(1) charges are (±1, ∓1) are related to the U(1) × U(1) gauge theories with n pairs of chiral superfields whose U(1)×U(1) charges are (±1, ±1) via the following transformation on the gauge field A µ of the second U(1)
III. RELATIONS AMONG THE THREE-DIMENSIONAL N ≥ 5 SUPERCON-
FORMAL GAUGE THEORIES
Let us briefly review the ABJM theories with generic gauge groups U(N) × U(M) or SU(N) × SU(N) [13] . Following the convention in Ref. [23] , we can write the explicit Lagrangian as follows
where
where R-symmetry, we define
And then, we have
For convention, we choose 
where ωᾱ β is the anti-symmetric invariant tensor of USp(2M).
In the ABJM and our theories, the U ( under the discrete symmetry, we obtain the new three-dimensional superconformal ChernSimons gauge theories. For simplicity, we shall only consider the Z 2 symmetry in this paper.
A. Relations Among the
We consider the ABJM theories and our theories with U(N) × U(M) group. And we introduce the following Z 2 transformations that act on the gauge fields A µ and A µ
where Ω 2 = 1, and Ω 2 = 1. For the ABJM theories, the matter fields (Z i , ζ i ) and (W i , ω i ) transform as
And for our U(N) × U(M) theories, the matter fields transform as
To derive the new theories, we choose the folowing representations for Ω and Ω
where I n×n is the n by n indentity matrix. In addition, 
For the ABJM theories, the matter fields Y A transform as
and for our theories, the matter fields transform as
where a and b are U(N) indices, and α and β are U(2M) indices, and
Also, the transformations for ψ A are similar to those for Y A .
Similar to the D-branes on the orientifold planes, we break the U(N) × U(2M) gauge symmetry down to the O(N) × USp(2M) gauge symmetry. In addition, the SU(4) Rsymmetry is broken down to the USp(4) due to J projections. And we only have a single bifundamental hypermultiplet, or equivalently a pair of bifundamental chiral superfields.
Therefore, requiring that the new theory be invariant under the transformations in Eqs. (23) and (25) or (26), we obtain the three
Chern-Simons gauge theories since USp(4) ≃ SO(5).
Chern-Simons gauge theories is enhanced to the N = 6 superconformal symmetry. The point is that under the gauge symmetry U(1) × USp(2M), we will have two bifundamental hypermultiplets, or equivalently two pairs of bifundamental chiral superfields. And then, the R-symmetry is indeed SU(4). Thus, we can derive the N = 6 superconformal U(1) × USp(2M) Chern-Simons gauge theories from the ABJM theories and our theories with gauge group U(2) × U(2M). Although SO(3) ≃ SU(2) and SO(6) ≃ SU(4), we can show that there is no enhanced SO(6) superconformal symmetry in the N = 5 superconformal O(3) × USp(2M) and O(6) × USp(2M) gauge theories.
For N = 5 superconformal G 2 × USp(2) Chern-Simons gauge theory, it seems to us that we might not have the multiple M2-branes' interpretation. However, we indeed might obtain such theory from the N = 5 superconformal O(N) × USp(2M) Chern-Simons gauge theories. Note that G 2 is a special maximal subgroup of SO (7), it seems to us that the N = 5 superconformal G 2 × USp(2) Chern-Simons gauge theory might be derived from the 
where a and b are from 1 to N. In addition, we choose the generators for SO(2N) as follows 
where a and b are from 1 to N with possible extra conditions on a given above. And we choose the following generators for USp(2M)
where a and b are from 1 to M.
The fundamental representation of SO(2N) can be decomposed as the representations of SU(N) × U(1) as follows
where we have normalized the U(1) properly. Also, the fundamental representation of USp(2M) can be decomposed as the representations of SU(M) × U(1) as follows
Simiar to the above discussions, we introduce the following Z 2 transformations that act on the O(2N) and USp(2M) gauge fields A µ and A µ , and the matter fields Σ and Σ
To derive the ABJM theories with U(N) × U(M) gauge group, we choose Furthermore, to derive our theories with U(N) × U(M) gauge group, we choose 
IV. THREE-DIMENSIONAL
We shall briefly review the BLG theory in the product gauge group formulation by van Raamsdonk [6] . In this formulation, the BLG theory is rewritten as a superconformal ChernSimons theory with the SU(2) × SU(2) gauge group and bifundamental matters, which has a manifest global SO(8) R-symmetry. The Lagrangian is given by [6] 
where the fermions Ψ are represented by 32-component Majorana spinors of SO(1, 10) subject to a chirality condition on the world volume which leaves 16 real degrees of freedom.
And the covariant derivative is
The Chern-Simons level k is related to f as follows
The bifundamental scalars X I are related to the original BLG variables x I a with SO(4) index a through
where σ i are the Pauli matrices. And there is a similar expression for spinor Ψ. Also, the scalars need to satisfy the reality condition
Using this, we obtain the reduced action Thenâ µ becomes massive, and we obtain the relevant Lagrangian for gauge fields
where the second term comes from the kinetic term of z 8 . Integrating outâ µ , we obtain
Thus, the gauge field a µ becomes a dynamical field, and its gauge coupling is
So, for very larg v and k, we can still fix the gauge coupling g as a constant.
Because we have eight chiral superfiels from z I and ψ, we should have another decoupled U(1) gauge field in addition to a µ if we only have N = 8 superconformal symmetry. To be concrete, we shall choose the unitary gauge, and define z 8 as follows
From the kinetic term of z 8 , we obtain the kinetic term for ρ
And the Chern-Simons term for the gauge fields becomes
Using the Bianchi identity for f νλ , the last term in the above Lagrangian vanishes. Giving the following VEV to ρ ρ = √ 2v ,
we obtain the relevant Lagrangian for gauge fields
Integrating out the gauge field B µ , we obtain the same action for a µ given in Eq. (72).
Therefore, the physical picture is the following: the field φ is eaten by the gauge field B µ , and the gauge field a µ becomes dynamical after B µ is integrated out. Equivalently speaking, the field φ is eaten by the gauge field a µ . In addition, ρ is dual to the decoupled U(1) gauge field, which explains why we have eight chiral superfields from z I and ψ. In the unitary gauge, similar discussions can be applied to the novel Higgs mechanism in all the N ≥ 5
superconformal Chern-Simons gauge theories.
V. DISCUSSION AND CONCLUSIONS
In this paper, we have proposed the three-dimensional N = 6 superconformal U(N) × U(M) gauge theories with two pairs of bifundamental chiral superfields in the (N, M) and (N, M) representations, and the N = 6 superconformal SU(N)×SU(N) gauge theories with two pairs of bifundamental chiral superfields in the (N, N) and (N, N) representations. For our SU(N) × SU(N) theory with N = 2, we reproduced the BLG theory. We also proposed the superconformal U(1) × U(1) gauge theories that have n pairs of bifundamental chiral superfields with the U(1) × U(1) charges (±1, ∓1), or the U(1) × U(1) charges (±1, ±1).
Although these theories have global symmetry SU(2n), the R-symmetry is SO(6) for n = 2 and might be SO(2n) or SO(2n + 1) for 3 ≤ n ≤ 8.
In addition, we showed that in the ABJM U(N) × U(M) theories and our U(N) × U(M) theories, the N = 6 superconformal U(N ′ ) × U(N ′ ) Chern-Simons gauge theories can be obtained from the N = 6 superconformal U(N) × U(M) Chern-Simons gauge theories,
